Onion plants form bulbs in response to the stimulus of long-day conditions. More than 30 years ago, Heath (1945) reported that the bulb is formed by the swelling of leaf sheath cells and that cell division is not involved in this phenomenon. Under short-day conditions, leaf sheath cells expand longitudinally, but under long-day conditions they grow laterally. This means that leaf sheath cells respond to a long-day stimulus by changing the direction of cell expansion. The direction of expansion depends largely on the orientation of cellulose microfibrils in the cell wall (Green et al. 1970 , Preston 1974 ). This orientation, in turn, is considered to be controlled by cortical microtubules (Newcomb 1969 , Hepler and Palevitz 1974 , Gunning and Hardham 1982 . As the change in the direction of cell expansion is part of bulb development, the cortical microtubules may be involved in the regulation of this development. Therefore, we examined the behavior of cortical microtubules in the leaf sheath cells of onion plants during bulb development.
Materials and Methods
Plant material-A late variety of onion plant {Allium cepa L. cv. Osaka-Okute) grown under natural daylength conditions in a field near Osaka City was used. From April 23, at which time bulb development had not started, until May 21 when development was visible, small pieces of tissue ( 3 x 3 x 3 mm 3 ) that included the outer epidermis were cut from the leaf sheath of the plants once a week. The daylengths (time from sunrise to sunset) during which tissue was taken are given in Table 1 .
Microtubule arrangement-The excised tissues were fixed with 2% paraformaldehyde + 2.5% glutaraldehyde in 0.025 M potassium phosphate buffer, pH 7.2, for 2 h, then with 1 % osmium tetroxide in the same buffer for another 2 h. The fixed tissue were dehydrated and embedded in Spurr's resin (Spurr 1969) . Tangential longitudinal sections were cut and stained with 25% uranyl acetate in absolute methanol for 35 min, then with lead citrate (Raynolds 1963) for 4 min, after which they were examined with a JEM-100G electron microscope (Jeol, Tokyo).
As it was not easy to tell which cells in a swollen scale corresponded to the analogous cells in an unswollen sheath, we examined cells from different positions on leaf sheaths of different sizes for each of the plants at various growth stages. The position of the cells examined and the size of the leaf sheath from which they were sampled are listed in Table 1 .
Measurement-Cross sectional areas of the leaf sheath cells were measured by sectioning the resin-embedded tissues transversely. These sections were stained with a mixture of toluidine blue and basic fuchsin then examined under a light microscope equipped with an ocular micrometer.
Treatment-Onion plants (Allium cepa L. cv. Senshu-Chuko) raised from sets (small bulbs) were used to examine the effects of microtubule inhibitors. Five onion sets were planted in a small pot containing 30 g of vermiculite, then the plants were grown at 27°C under short-day conditions (12 h light/12 h dark). Light was obtained from 20 W "white light" fluorescent lamps (FL-20W, Toshiba, Tokyo) and the light intensity at plant level was ca. 7.0 W m~2. When the plants reached the 4-leaf stage, 100 ml of 3 X 10~4 M colchicine or 2 X 10~5 M cremart [O-ethyl O-(3-methyl-6-nitrophenyl )N-sec-butylphosphorothioamidate] solution was poured into the pot. Nine days after the start of treatment, the swelling of the basal parts of the plants was recorded on photographs. Cremart was obtained from the Sumitomo Chemical Co. (Takarazuka).
Results
Swelling was present in the inner cells of the leaf sheaths, but not in the epidermal cells (Fig. 1) . The ratio of the number of epidermal cells to the number of cells just beneath the epidermis was ca. 1.5 : 1 in the unswollen leaf sheath, whereas in the swollen scale it was ca. 3 : 1 . This suggests that the number of epidermal cells increased when the inner cells swelled.
We examined the arrangement of cortical microtubules in cells which showed swelling, principally those cells just beneath the epidermis. Transversely oriented microtubules were present near the face of the outer tangential wall of cells sampled from unswollen leaf sheaths. They were observed in cells taken both from aged elongated leaves and from young short leaves ( Fig. 2a, b ). They were found in both cells 5 and 15 mm above the basal end of the leaf sheath and were more dense in the former than in the latter (Fig. 2a, c) .
Transverse sections cut from unswollen leaf sheaths showed that the microtubules near the faces of the radial and inner tangential walls were also oriented transversely, or nearly transversely, but the microtubules near the edges of the cells were oriented longitudinally (data not shown).
As the bulb developed, the microtubules in the leaf sheath cells became disoriented and diffused. Cells sampled on May 14 and 21 showed that transversely oriented microtubules had been replaced by scattered and poorly oriented microtubules ( Fig. 2d-g ). The number of microtubules decreased gradually; it was less in cells sampled on May 21 than in those sampled on May 14 (Fig. 2d, f) and less in cells cut from 15 mm above the basal end of the leaf sheath than in cells sampled 5 mm above it (Fig. 2e, f) . Fig. 2a, b) ; + , less dense (as in Fig. 2c, d , e); ± , sparse (as in Fig. 2f, g) ; -, none (as in Fig. 2h ). * Cells just beneath the outer epidermis of the leaf sheath were examined. The average of 40 cells with standard error of the mean. Expressed as (radial width) x (tangential width).
'£.
•..•* No microtubules were found in cells 15 mm above the basal end of scales with a 45-mm-long leaf sheath sampled on May 21 (Fig. 2h) . Usually, no microtubules were seen near the faces of the walls in the cells taken from swollen scales. Sometimes, however, small number of longitudinally oriented microtubules were present near the edges of the cells (data not shown).
Results of the observations on microtubules near the outer tangential wall of cells just beneath the epidermis are summarized in Table 1 .
Cross sectional areas of cells just beneath the outer epidermis of the swollen scales were three to four times larger than those of unswollen leaf sheaths (Table 1) .
Epidermal cells from unswollen leaf sheaths and those from swollen scales also were examined (Fig. 3) . Transversely oriented microtubules were present even in cells sampled on May 21, when bulb development was visible and few microtubules were found in the cells just beneath the epidermis.
Colchicine and cremart [a substance with a structure and function similar to amiprophosmethyl (Sumida and Ueda 1976) ] were tested for their abilities to induce the swelling of leaf sheaths in onion plants. Both colchicine and cremart, at a concentration that disrupted microtubules in cells just beneath the outer epidermis of the leaf sheath (data not shown), caused the leaf sheaths of onion plants grown under a short-day regimen to swell: This did not happen in untreated plants. Blades of new leaves emerged from colchicine-and from cremart-treated onion plants whose basal parts had become bulbous, soon after the termination of treatment.
Discussion
Our observation that the direction of the microtubules located near the edges of the cells differed from that of those near the faces of the walls is consistent with the rinding of Gunning et al. (1978) that cortical microtubules fan out from electron dense complexes located along the edges of the cells. The presence of microtubules in swelling cells only near their edges also is consistent with the hypothesis of Gunning et al. (1978) that these complexes are microtubuleorganizing centers (MTOC) because microtubules attached to the MTOC are considered more stable than those that are unattached (Kirschner 1980) .
In almost all the cells taken from unswollen leaf sheaths, the microtubules near the faces of the walls were transverse, or nearly transverse, to the cell axis and in none of these cells were obliquely, or longitudinally, arranged microtubules present. This indicates that the walls of these cells do not have a distinct crossed polylamellate structure. Probably, the cells reinforce their walls only with transversely oriented cellulose microfibrils that suppress the swelling of the cells. In contrast, no, or only scattered and poorly oriented, microtubules were present in swollen cells. This swelling of the cells may be caused by the lack of the transversely oriented cortical microtubules necessary for the deposition of transversely oriented cellulose microfibrils (Green 1962 , Hogetsu and Shibaoka 1978 , Takeda and Shibaoka 1981 .
The disruption of cortical microtubules is known to bring about a loss of polarity in cell expansion and to induce swelling (Green 1962 , Hogetsu and Shibaoka 1978 , Marchant and Hines 1979 . That the lack of microtubules caused the swelling of onion leaf sheaths was shown by the results of the colchicine and cremart experiments; they suggest that the long-day conditions induced onion bulb swelling by disrupting the cortical microtubules of the leaf sheath cells. The presence of transversely oriented microtubules in the unexpanded epidermal cells of swollen scale also indicates the importance of cortical microtubules in the regulation of the direction of cell expansion.
It has been suggested that long-day conditions stimulate the production of a "bulbing hormone" in onion leaf blades, and that the stimulus of long-day conditions slows down cell division in the meristematic region of onion plants (Heath and Holdsworth 1948) . The "bulbing hormone" may thus be a microtubule-disrupting agent which induces bulb swelling by disrupting cortical microtubules and which slows down cell division by disrupting spindle microtubules.
Growth of leaves in bulbs formed under long-day conditions has been reported not to start for about 40 to 50 days after the completion of bulb development (Aoba 1964) . Onion bulb development seems to include at least two different events, the swelling of leaf sheaths and the onset of dormancy. The fact that colchicine-and cremart-treated onion plants sprouted soon after termination of treatment may mean that the disruption of microtubules alone cannot accomplish bulb development: Some dormancy-inducing factors must be involved in this phenomenon.
We previously reported that microtubules near the outer tangential wall of epidermal cells from gibberellin-treated azuki bean epicotyls were oriented transversely, whereas those of the control epicotyls were oriented randomly (Shibaoka 1974) . Recently, Durnam and Jones (1982) found that gibberellin suppressed a decrease in the number of cortical microtubules in cells of excised lettuce hypocotyl segments. If gibberellin does act in onion leaf sheath cells, as it acts in azuki bean and lettuce cells, changes in the microtubule arrangement during onion bulb development can be explained in terms of changes in the endogenous gibberellin content. Therefore, changes in the amount of endogenous gibberellin during bulb development and the effect of gibberellin on microtubule arrangement in onion leaf sheath cells needs to be examined.
As ethylene is known to suppress longitudinal cell expansion and to cause lateral expansion, it is tempting to say that ethylene is a factor in onion bulb swelling. But, the recent finding of Lang et al. (1982) that microtubules run longitudinally in cortical cells of ethylene-treated pea epicotyls makes this supposition unlikely. The microtubules in cells from swelling leaf sheaths of onion plants grown under long-day conditions are not oriented longitudinally; they are scattered and poorly oriented. Naturally, we must determine whether ethylene acts in onion leaf sheath cells in the same way it acts in pea epicotyl cells before we can exclude it from having a part in onion bulb development.
